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Abstract

Background New genomic techniques (NGTs) allow new genotypes and traits to be developed in different ways and
with different outcomes compared to previous genetic engineering methods or conventional breeding (including
non-targeted mutagenesis). EU GMO regulation requires an assessment of their direct and indirect effects that may
be immediate, delayed or cumulative. Such effects may also result from the interactions of NGT organisms simultane-
ously present in a shared receiving environment or emerge from a combination of their traits. This review elaborates
such potential interactions based on a literature review and reasoned scenarios to identify possible pathways to harm.

Main findings NGT organisms might be introduced into the environment and food chains on a large-scale, involv-
ing many traits, across a broad range of species and within short periods of time. Unavoidably, this would increase
the likelihood that direct or indirect effects will occur through interactions between NGT organisms that are, for
example simultaneously present within a shared environment. It has to be assumed that the cumulative effects of
these NGT organisms may exceed the sum of risks identified in the distinct ‘events. Consequently, risk assessors and
risk managers not only need to consider the risks associated with individual NGT organisms (events’), but should also
take account of risks resulting from their potential interactions and combinatorial effects. In addition, a prospective
technology assessment could help the risk manager in defining criteria to minimize potential unintended interactions
between NGT organisms through limiting the scale of releases.

Conclusions If genetically engineered (GE) organisms derived from NGTs are released into the environment, their
potentially negative impacts need to be minimized. As with all GE organisms, it is, therefore, crucial to not only assess
the risks of the individual events, but also their potential interactions which can trigger direct and indirect effects with
adverse impacts. It is necessary to develop hypotheses and specific scenarios to explore interactions between NGT
organisms and possible pathways to harm from the perspective of the precautionary principle. In addition, the intro-
duction prospective technology assessment could provide an instrument for the risk manager to control the scale of
releases of NGT organisms.
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Background

According to EU GMO legislation [1], inter alia, geneti-
cally engineered (GE) organisms (or ‘genetically modified
organisms, GMOs) derived from “recombinant nucleic
acid techniques” [Annex 1A, Part 1 of 1] fall within the
scope of the regulation. As clarified by the EU Court of
Justice (Case C-528/16), this also applies to organisms
derived from ‘new genomic techniques’ (NGT).

As a general principle, the EU requires each indi-
vidual genetically engineered organism (‘event’) to
undergo risk assessment on a case-by-case basis before
it is released into the environment or placed onto the
market. The detailed risk assessment requirements are
set out in Annex II of Directive 2001/18/EC [1] which
was amended by Commission Directive (EU) 2018/350
[2]. It foresees the risk assessment of each event, taking
into account its intended and unintended effects since
“intended and unintended changes can have either direct
or indirect, and either immediate or delayed effects on
human health and on the environment.” [Annex (C1) of
2]. Therefore, as introduced in Annex (C1) by Commis-
sion Directive (EU) 2018/350 [2], the risk assessment
“shall identify the intended and unintended changes
resulting from the genetic modification and shall evaluate
their potential to cause adverse effects on human health
and on the environment.”

In the context of Commission Directive (EU) 2018/350,
risk assessment cannot be confined to the individual
event only, it also needs to take interactions involving
other GE organisms into account. This is further under-
lined in Recital 19 of the Directive 2001/18/EC [1]:
“A case-by-case environmental risk assessment should
always be carried out prior to a release. It should also
take due account of potential cumulative long-term effects
associated with the interaction with other GMOs and the
environment.” Furthermore, as defined in the amended
Annex (C3) of Commission Directive (EU) 2018/350 [2],
“adverse effects may occur directly or indirectly through
exposure pathways or other mechanisms which may
include: (...) interactions with other organisms (...)" In
conclusion, risk assessment must also include potential
interactions between GE organisms which are released
into a shared receiving environment and potential com-
binations of their traits.

EU GMO regulation contains further specific provi-
sions relating to interactions between GE organisms or a
combination of their traits in risk assessment. For exam-
ple, Annex II of Directive 2001/18/EC [1] in its “Princi-
ples for the environmental risk assessment” gives weight
to cumulative long-term effects: “A general principle
for environmental risk assessment is also that an analy-
sis of the cumulative long-term effects relevant to the
release and the placing on the market is to be carried out.
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‘Cumulative long-term effects’ refers to the accumulated
effects of consents on human health and the environment
(-..)” Furthermore, similarly to Commission Directive
(EU) 2018/350 [2], Commission Implementing Regula-
tion (EU) No 503/2013 [3] also requires the assessment of
stacked events in regard to their “potential additive, syn-
ergistic or antagonistic effects resulting from the combina-
tion of the transformation events.”

The European Food Safety Authority (EFSA) in its
“guidance on the environmental risk assessment of geneti-
cally modified plants” [4] considers effects resulting from
interactions between genetically engineered plants, such
as those causing indirect effects on management and
production systems. The risks of long-term cumulative
effects and stacked events are also taken into account.
However, one example not specifically mentioned con-
cerns interactions between GE organisms within a shared
receiving environment that are released within a short
period of time and may, therefore, not be considered to
be long-term cumulative.

For the purpose of this review, there are several cat-
egories which have to be distinguished by using specific
terminology: (1) EU GMO regulation refers to GMOs
which have to undergo mandatory approval processes
and other GMOs which are exempt from these approval
processes, e.g., plants derived from physical and chemical
mutagenesis. The wording ‘genetic engineering’ (GE) is
used throughout the publication as a synonym for those
GMOs which have to undergo mandatory approval pro-
cesses. (2) The wording ‘established genomic techniques’
(EGTs) is used to distinguish older transgenic plants
(derived from non-targeted insertions of transgenes)
from those more recently generated using NGTs [see
also 5]. It is important to understand that both these cat-
egories (EGT and NGT) refer to GMOs which have to
undergo mandatory approval processes (GE).

A soaring number of NGT applications across many
traits and species may soon be released into the envi-
ronment within a short period of time [see, for exam-
ple, 6]. Against this backdrop, and in light of existing
evidence regarding the impact of large-scale cultiva-
tion on the environment, the purpose of this review is
to highlight the need for assessment of environmental
risks arising from interactions between NGT organ-
isms. We started from horizon scanning of studies on
the environmental risk assessment of transgenic plants
reporting unintended effects from cultivation, includ-
ing interactions between different events and their traits.
Further research was conducted on examples to explore
the potential interactions of NGT organisms that may
be released into a shared environment. Databases that
provide a comprehensive overview of NGT applications
[such as 6, 7] were used to select examples for relevant
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organisms. Problem formulation is a crucial step in risk
assessment. Therefore, we developed plausible risk sce-
narios to examine such potential interactions. Since the
issue of potential interactions between NGT organisms
is not yet well reflected in scientific literature, most of
our analysis had to be done from scratch’ Therefore, sys-
tematic and continuous horizon scanning was the most
crucial aspect in terms of our methodology, followed by
targeted analyses of potentially relevant publications.

Our review provides a first, albeit non-comprehensive
overview of findings in regard to interactions between
GE organisms, in particular between NGT organisms
that may cause direct or indirect effects. In this context,
we consider interactions such as enabled by simultaneous
presence of several NGT events belonging to the same
species or to different species within a shared receiving
environment. These interactions maybe additive, syner-
gistic, antagonistic or cumulative.

As shown in the review, there are good reasons why
interactions between NGT organisms deserve the par-
ticular attention of the risk assessor and the risk manager:
plants developed with NGTs may include many more dif-
ferent traits and species compared to transgenic plants
approved for the market so far. In addition, NGT appli-
cations may be relevant to all domains of life, including
non-domesticated species [see, for example, 8]. If these
assumptions are correct, NGT organisms might be intro-
duced into the environment on a large-scale in terms of
numbers and traits, across a broad range of species and
within short periods of time. Unavoidably, this would
also increase the likelihood that direct or indirect effects
will, for example, occur through interactions between
those organisms. Therefore, their intended and unin-
tended interactions and potentially emerging hazards
may need more attention and consideration compared to
EGT organisms.

Specific technical characteristics of NGTs

NGTs, also known as genome editing or new genetic
engineering, allow new genotypes and traits to be gener-
ated in different ways and with different outcomes com-
pared to previously used genetic engineering methods or
conventional breeding (including non-targeted mutagen-
esis) [9-11].

So-called site directed nucleases (SDN), such as
CRISPR/Cas (clustered regularly interspaced short pal-
indromic repeats/CRISPR associated) [12], are highly
relevant in this context: they can be designed to target
specific DNA sequences in the genome to knock out
gene functions (i.e., SDN-1), to induce repair mecha-
nisms for specific alterations of particular nucleotides
(i.e., SDN-2) or whole genes (i.e., SDN-3). Depending on
whether a repair template is used or not, these methods
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can induce either non-specific changes (SDN-1) via non-
homologous end joining (NHE]) repair mechanisms or
induce specific changes to nucleotide sequences (SDN-2
or SDN-3) via homologous recombination mediated by
homology directed repair (HDR). The induced changes at
or around the target site can be substitutions, deletions
or insertions of one or more base pairs. Depending on
the specific SDN-1 or SDN-2 application, more exten-
sive overall changes are possible. For example, multiplex-
ing can target several genes simultaneously in a single
application [13-15]. Repeated applications of SDN-1 or
SDN-2 can also be combined [16]. Changes involving the
insertion of whole (cis- or trans-) genes (including gene-
stacking) are also possible (SDN-3) and are mediated by
the use of specific donor DNA [9, 17]. For this review, we
mostly focused on applications using CRISPR/Cas which
is currently the most important tool for developing NGT
organisms [8]. Other nucleases, such as TALENs (tran-
scription activator-like effector nucleases) or variations
of CRISPR nucleases [see, for example, 8], are also rel-
evant, but so far of less importance for NGT applications
in plants and animals.

The following section describes some specific charac-
teristics relevant to NGT applications using CRISPR/Cas
and also illustrates their technical potential and associ-
ated risks by giving special weight to the perspective of
the precautionary principle:

a) Greater precision

In comparison to EGTs, the NGTs can be used to intro-
duce genetic changes with much greater precision. Typi-
cally, SDNs can be used to directly target sites [12, 18,
19], whereas previous transformation processes intro-
duce additional DNA sequences at random sites [see,
for example, 20—22]. However, NGTs are based on pro-
cesses involving several technical steps that, in the case
of plants, very often include transformation processes,
e.g., biolistic methods or the use of Agrobacterium tume-
faciens, which are also used in EGTs. These non-targeted
methods are used to introduce the nucleases into the
cells [16] and may lead to unintended effects in off-tar-
get regions [for example 23, 24] As pointed out in sev-
eral publications, there are additional reasons why higher
precision still appears to be challenging and should be
improved [for overview, see 9, 16, 25-27].

In comparison to conventional breeding in plants
which also uses non-targeted mutagenesis, the overall
number of mutations is typically lower in NGT plants
[25]. However, these comparisons need to be put into
context: conventional breeding methods depend on high
genetic diversity that can be used for crossing and selec-
tion. Thus, the higher number of mutations caused by
non-targeted mutagenesis is generally desired while, at
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the same time, some of the mutations are considered to
be disadvantageous [28].

Furthermore, the specific sites of the mutations and
the (intended or unintended) resulting gene combina-
tions from the NGTs may, in many cases, be unlikely to
occur with conventional methods (see below). These
genetic changes may thus cause unintended direct or
indirect effects within the complex networks of genes,
proteins and other biologically active molecules not so
far observed (see also below). Some of these unintended
metabolic and physiological effects can also be consid-
ered to be ‘trade-offs’ which can still emerge in cases
where the genetic intervention is targeted and precise
(see below).

b) Overcoming the limitations of natural genome
organization

NGTs can be used to achieve genomic changes extending
beyond what is known from conventional breeding, even
without the insertion of additional genes. If compared to
methods of conventional breeding (including non-tar-
geted mutagenesis), NGTs can overcome the boundaries
of natural genome organization. Relevant factors include
repair mechanisms, gene duplications, genetic linkages
and further epigenetic mechanisms [see, for example,
29-37]. By overcoming these boundaries, NGTs can
make the genome much more extensively available for
genetic changes [10, 16]. The resulting genotypes (the
patterns of genetic changes) can be vastly different com-
pared to those derived from conventional breeding, both
in regard to intended and unintended changes [38, 39]
even though there may still be some limitations to the
effectiveness of the nucleases [40]. This means that it is
possible to generate genotypes which are highly unlikely
to result from natural processes or traditional breeding
techniques. As a result, more ‘extreme’ biological char-
acteristics can be achieved with NGTs in comparison to
conventional breeding methods. These can, however, also
be associated with more significant ‘trade-offs’ in com-
parison to conventional breeding [41-45].

c) Changes in the allelic diversity of populations

within short periods of time

For example, Barbour et al. [46] showed that a higher
allelic diversity in plants has an impact on different spe-
cies within an experimental food web. This may also play
a crucial role in the stability of ecosystems and food webs.
CRISPR/Cas applications can, in particular, be used to
make gene variants within a population more uniform,
i.e., the frequency of the abundance of different allelic
variants can be reduced, the alleles can be changed or the
respective gene (-family) can be blocked in its functions.
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In general, in regard to allelic uniformity, CRISPR/Cas
applications are very much more efficient than conven-
tional breeding methods, including the knocking out
of many or all copies of a gene family in parallel using
SDN-1 processes [47]. Therefore, if there are large-scale
releases of NGT organisms into the environment in short
periods of time, their impact on genetic diversity and
associated ecosystems can extend far beyond what might
be expected compared to natural processes and conven-
tional breeding techniques.

d) Pervasive changes even without the insertion

of additional genes

Even without the insertion of additional genes, changes
in genotypes and phenotypes can be pervasive and
involve major changes in gene expression, metabolism
in the cells and characteristics of the organisms [see,
for example, 47]. Changes can be brought about by, for
example, knocking out most or all copies of a gene fam-
ily, changing several different genes in parallel (multiplex-
ing), or altering elements responsible for gene regulation
[13-16]. Such technical interventions can, lead to major
and unprecedented changes in plant composition, result-
ing in traits without a ‘history of safe use’ also be associ-
ated with unintended effects [38, 39, 41, 47-49]. As the
case of de novo domesticated tomatoes [47] examined by
EFSA [48] shows, the NGT process results in a combina-
tion of known gene variants with a genomic background
of S. pimpinellifolium, thus resulting in ‘new’ tomatoes
without known comparators.

e) Wide range of species and applications

The range of species accessible to NGTs extends far
beyond applications of previously used genetic engineer-
ing techniques (EGTs). While their effectiveness may
differ from case to case (especially in regard to SDN-2
and SDN-3 processes), these applications include a wide
range of food plant species and livestock, and also non-
domesticated species including trees and other plants,
insects, vertebrates and microorganisms, thus extend-
ing across all domains of life [overview in: 5, 38, 39].
Several specific NGT applications are designed for use
in wild populations, including gene drives (SDN-3) [52,
53] and the intended release of genetically engineered
viruses, also including so-called Horizontal Environmen-
tal Genetic Alteration Agents (HEGAA) [54, 55]. Many
of the species targeted by NGT applications also have
the potential to persist and spread over longer periods of
time without effective control. This may give rise to next-
generation effects which were not observed in the labora-
tory [56].
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f) Complex interactions—also triggered by simultaneous
presence in the environment

Large numbers of GE organisms derived from NGTs,
including various species with a wide range of differ-
ent characteristics (intended or unintended), could be
released into the same receiving environment within
a short period of time [see, for example, 8]. Depending
on the scale of the releases, their duration and the char-
acteristics of the organisms, these NGT organisms may
also intentionally or unintentionally interact with each
other. A number of applications are already designed
for complex interactions after release into the receiving
environment, e.g., changes in the microbiome of the soil
[57-59], in plants [60—63], in insects [64—72] or in corals
[73]. Moreover, some of the applications use a technique
known as ‘paratransgenesis’ which aims to change the
biological characteristics of the host by genetically engi-
neering its microbiome [74].

In summary, sections (a—f) listed above, all illustrate
the novelty of NGTs that allows the development of new
genotypes and traits in different ways and with different
outcomes than could have been expected with earlier GE
methods or conventional breeding (including non-tar-
geted mutagenesis).

Scenarios for interactions between NGT organisms
that are relevant to risk assessment

Given the specific characteristics listed above, both
direct and indirect effects resulting from interactions
between NGT organisms may have an extensive impact
on ecosystems. This is especially relevant to large-scale
releases of NGT organisms which may comprise a broad
range of species and traits. Such large-scale releases may
be driven by expectations of hypothetical benefits from
NGT organisms [75], and at the same time, lead to high-
and long-term environmental exposure to NGT organ-
isms. Large-scale releases undoubtedly increase the
likelihood of direct or indirect effects from interactions
between the NGT organisms. Therefore, the need to risk
assess the interactions between NGT organisms may be
much more crucial in comparison to previous applica-
tions of genetic engineering [see also 76]. In this context,
the development of risk scenarios can help to generate
plausible hypotheses (problem formulation) and guide
the steps in risk assessment [see 4]. The following section
contains examples of possible relevant scenarios:

Scenario 1: interactions resulting from releases of NGT
events involving different traits and several species

The first hypothesis, we suggest should be tested, is:
‘Releases of different NGT events into a shared receiv-
ing environment may lead to a scaling up of adverse
impacts due to interactions between the NGT organisms.
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There may be a tipping point for such releases which
could trigger irreversible damage caused by exposure
to effects unlikely to result from natural processes [77].
This hypothesis is based on the following specific char-
acteristics of NGTs as described above: (i) the differences
between the genotypes and phenotypes of NGT organ-
isms compared to those which can be expected to evolve
naturally or are derived from conventional breeding (see
characteristics b, ¢ and d); (ii) the broad range of species
across all domains of life, with a possibly significant num-
ber of the NGT organisms having the potential to persist
and spread without effective control (see characteris-
tics e); (iii) the technical potential of NGTs allowing the
development of various GE organisms with a wide range
of different characteristics (intended or unintended)
within a short period of time, all off which may be
released into a shared receiving environment (character-
istics a and f). The potential interactions between NGT
organisms may be additive, synergistic, antagonistic or
cumulative, and may cause direct or indirect effects with
immediate or delayed adverse environmental impacts.

Camelina sativa with changes in oil content [78] could
be the starting point for testing this hypothesis. It is an
example which can be used to exemplify several of the
technical characteristics of NGT plants as mentioned
[38]: both, its genotype and phenotype go beyond what
was achieved using conventional breeding, thus caus-
ing ‘extreme’ variants of its biological characteristics (for
more details see below, Scenario 2). Furthermore, this
species has the potential to persist, propagate and spread
uncontrollably in the environment. The biological char-
acteristics resulting from the genetic intervention may
cause a change in interactions with many species within
the receiving environment: as shown by Kawall, 2021
[38], this may affect pollinators, pest insects and other
wild life species feeding on the plants. However, we are
not (yet) aware of enough data from other NGT organ-
isms belonging to other species that may share the same
environment to establish a specific scenario as outlined
in the first hypothesis. We, therefore, refrained from
presenting a specific example for Scenario 1 and instead
introduced it as an example in Scenario 2.

A summarized reasoning of our first hypothesis may
read as follows: the intended and/or unintended effects
resulting from NGT applications mean that the release
of the NGT organisms may not be ‘neutral’ to the eco-
systems. Disruptive, i.e., adverse effects, are more likely
or less likely depending on their biological character-
istics (intended or unintended), environmental expo-
sure (as caused by the number of organisms, traits and
events released, their distribution and persistence) and
their potential interactions. Even if distinct individual
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events are considered to be ‘safe, uncertainties or even
unknowns will emerge from their interactions with
other NGT organisms released into the same environ-
ment. Therefore, environmental risk assessment of NGT
organisms should take their interactions into account, as
these may cause adverse environmental effects. Poten-
tial adverse effects that should be included in Scenario 1
comprise damage to biodiversity, breakdown in food pro-
duction or disruption of ecosystem services.

This first hypothesis is mostly set out in general terms
and describes numerous impact factors and potential
interactions between GE organisms. The development
of a more specific hypothesis would be needed in order
to draw conclusions for regulatory decision-making. We
have, therefore, developed a more specific second sce-
nario focusing on different NGT traits, generated within
the same species.

Scenario 2: interactions emerging from releases of several
NGT events from one species but with different traits

The second hypothesis that we suggest should be tested,
is: “The unintended effects of different traits introduced
into the genome of one species if accumulated by simul-
taneous cultivation and/or by further stacking and/or
spontaneous crossings of the events, may lead to a scal-
ing up of hazards due to unintended interactions. In this
scenario, we have chosen NGT applications in plants of
the same species to discuss interactions between their
traits (and the respective events) that may trigger direct
or indirect effects that are associated with hazards. In
this context, the overall impact may also depend on the
susceptibility of the species to a range of common patho-
gens and their potential for gene flow, crossings and the
degree of intended stackings. We, therefore, selected
two species used in several NGT applications (SDN-
1): Camelina sativa and Triticum aestivum. One of the
reasons for choosing Camelina sativa are the biological
characteristics of this species, which is able to persist
and spread in the environment. It can also spontaneously
cross with other varieties of the same species and other
wild relative species [38]. Triticum aestivum was chosen
because of the many NGT applications that offer a wide
range of different traits [79].

Example 1: In Camelina sativa, NGT applications are
primarily used to change the quantity and quality of oil
[80]. The aim in most of the plants being developed is
to lower the percentage of polyunsaturated fatty acids
(PUFA). These fatty acids (PUFA) are generally con-
sidered to be desirable and beneficial for healthy food.
However, for use as agrofuel, the aim is to increase the
oxidative stability of the oil by reducing the content of
PUFA. At the same time, the intention is also to increase
the quantity of oil. Several metabolic pathways can be
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used to impact the oil content of the plants by changing
the genotype at different sites [80]. Camelina sativa is
an allohexaploid species, which means that many alleles
are present in several copies. As explained above, NGTs
have the novel potential to overcome this constraint by
changing all copies of a gene at the same time (techni-
cal characteristics b & d). Recent attempts at CRISPR/
Cas9-induced gene mutagenesis in camelina have been
successful [78, 81, 82], but have also resulted in nega-
tive effects, e.g., smaller growth and a reduced number of
seeds, due to the pervasive changes in the metabolism of
fatty acids [45].

In regard to scenario 2, it is crucial that NGT camel-
ina can persist, propagate and spontaneously cross. This
means that new combinations of NGT traits may occur
and persist unnoticed. In some cases, the resulting plants
may suffer from low fitness [45] and therefore are not
likely to persist in the environment for longer periods
of time. However, the biological characteristics associ-
ated with a reduced content of PUFA in the plants sug-
gest a more complex landscape: as shown by Kawall [38]
in Camelina sativa with changed oil composition [78],
the genetic intervention may trigger direct and indirect
effects and impact various other functions, e.g., plant
defense mechanisms, interactions with pollinators or
associated food webs. In worst case scenarios, some of
these characteristics may be associated with enhanced
spread and a severe impact on ecosystems: for example,
spontaneous crossings of NGT camelina may, unnoticed
and with no intention, result in plant compositions that
negatively impact the health of wild species feeding on
the plants. In these circumstances, some of these wild
species may suffer from a population decrease, whereas
the plants might gain an advantage due to reduced losses
from herbivores. This may lower the chances of control-
ling the spread of the plants in the environment, and thus
severely impact both natural plant populations of species
able to cross with the NGT plants and populations of ani-
mal species feeding on the plants.

Example 2: the combination of traits may also play a
role in other species being developed for various NGT
applications, e.g., Triticum aestivum. We are currently
aware of more than 20 NGT projects focusing on bread
wheat (Triticum aestivum) [79]. To exemplify our sce-
narios, we selected three traits under development
(see below). The traits were introduced by using NGTs
(SDN-1) and other multistep processes (involving previ-
ously used genetic engineering methods such as biolistic
methods). Triticum aestivum has a huge genome, com-
prising six sets of chromosomes [83] which is a severe
constraint in conventional wheat breeding since, in many
cases, a high number of gene duplications are involved
in a specific trait. As explained above, NGTs have the
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novel potential to overcome this constraint by changing
all copies of a gene at the same time (technical charac-
teristics b & d). As far as the selected NGT traits (see
below) are concerned, there are reasons to assume that
the intended (on-target) genetic alterations and resulting
more ‘extreme’ traits are linked to ‘trade-offs’ as well as
unintended biological characteristics.

Trait 1, reduction in gluten: Gluten proteins in wheat
are thought to trigger several gluten-related disorders,
including celiac disease [84]. It is known that alpha-gli-
adin peptides contribute to the overall concentration of
gluten in bakery products [79]. Their genes occur within
a large family of genes that are present in multiple cop-
ies at different locations in the genome. With the help of
the CRISPR/Cas nuclease, scientists succeeded in 2018 in
switching many of them off: 35 out of the 45 genes nec-
essary to produce alpha-gliadins were knocked out [49].
This resulted in a new wheat genotype that is highly com-
plex in regard to risk assessment [11]. As EFSA, in 2021
[11] states: “(...) the large number of mutations required
to achieve gluten-free wheat is far beyond any plant previ-
ously assessed. This is likely to require SynBio approaches
to correctly identify all gliadins and glutenins in the hexa-
ploid genome of bread wheat and to identify an engi-
neering strategy that introduced mutations of the correct
nature and positions in each gene to prevent the accumu-
lation of any peptide fragments associated with initiation
of the inflammatory cascade”. Regardless, the applica-
tion of CRISPR/Cas resulted in biological characteristics
that go beyond what can be achieved with conventional
breeding. This ‘extreme’ trait may be associated with spe-
cific ‘trade-offs’: gliadins are, for example, known to play
an important role in the response of the plants to stress
conditions, including drought and heat [85-87]. There-
fore, large reductions in the content of alpha-gliadins
may also unintentionally impact the heat and/or drought
tolerance of this new genotype.

Trait 2, reduction in acrylamide: CRISPR/Cas9
was used to reduce the content of the free amino acid,
asparagine, in wheat [42]. Free asparagine is present in
higher concentrations in wheat grain. It is a precursor
for acrylamide, which forms during the baking, toast-
ing and high-temperature processing of foods made
from wheat. Acrylamide has been shown to be carci-
nogenic. The gene (asn2) targeted in this case, occurs
a total of six times in the wheat genome. In some of
the NGT wheat plants developed by Raffan et al. [42],
the asparagine content in wheat grain was reduced by
90% compared to the wild type, something which has
not previously been achieved using other methods. This
‘extreme’ trait is associated with ‘trade-offs’: while the
gene function involved in production of the amino acid
asparagine was successfully blocked, this also creates

Page 7 of 15

other problems since asparagine is involved in seed
germination, plant growth, stress response and defense
mechanisms. It was found that some lines of this
CRISPR-wheat almost lost their capacity to germinate
[42]. There is as yet no published data on the resistance
of these NGT plants to biotic and abiotic stressors.

Trait 3, reduction in susceptibility to powdery mil-
dew: the mildew resistance locus (mlo) gene in barley is
of interest in several projects. There are three different
mlo genes involved in resistance to powdery mildew
found in natural populations. In one study, the mlo gene
was targeted in hexaploid wheat by TALENs [88]. The
nuclease introduced alterations in all three homoeoal-
leles of mlo in wheat, enabling their parallel knock-out.
This has never previously been achieved using non-tar-
geted mutagenesis or other breeding methods [see 38].
The simultaneous knock-out of the three homoeoalleles
conferred a broad-spectrum resistance to powdery mil-
dew in the new wheat lines. However, some unintended
effects were described in these lines (i.e., leaf chlorosis
under growth conditions), which were not observed
to the same degree in randomly mutated plants [89].
Growth aberration, accelerated senescence, induced
necrosis, increased susceptibility to other fungal patho-
gens are unintended effects described in the context of
this trait. To a certain extent these ‘trade-offs’ are also
known from conventional breeding and may be over-
come only by further research [43].

Some of the interactions and combinatorial effects,
such as reduced fitness of crop plants or lowered ger-
mination rate in seeds, might easily be detected by the
breeders. Others, such as impacts on ecosystems and
food web might be overlooked and remain undetected
for a longer period of time. Effects that may occur from
spontaneous crossings are a particular challenge in risk
assessment and risk management. As mentioned, sponta-
neous crossings would be expected in species like camel-
ina, but not necessarily in wheat. However, research is
underway to develop new varieties by using specific lines
of wheat which show a much higher potential for spon-
taneous crossings [90]. The idea behind this research is
to ease crossings from wild relative species with desirable
characteristics by enhancing the likelihood of crossover
between related (homoeologous) chromosomes. If such
varieties are grown in the fields in future, they may also
increase the rate of spontaneous crossing with NGT
lines.

To sum up the examples of Scenario 2, we would like to
highlight preliminary observations regarding (i) the sus-
ceptibility of the overall plant population to stressors if
varieties with different traits are cultivated together; (ii)
genomic effects that may occur from further crossings



Koller et al. Environmental Sciences Europe (2023) 35:27

and (iii) accumulation of unintended genetic changes due
to the technical processes of NGTs.

(i) As mentioned, the susceptibility of the overall plant
population to biotic and abiotic stressors may be affected
if NGT plant varieties with different traits are culti-
vated together. One reason for this assumption is a com-
mon range of pathogens which may affect plant health.
Increased susceptibility to plant diseases of a variety
with one trait may also cause enhanced pest pressure
and damage in varieties with other traits. For example,
if varieties with traits of (unintended) higher susceptibil-
ity to biotic stressors are grown together with varieties
with traits of (unintended) reduced tolerance to abiotic
stressors, this may cause the collapse of plant populations
which would otherwise have been successfully cultivated.

(if) Furthermore, different traits can be stacked by
technical means or conventional breeding or sponta-
neous crossings, and thus result in offspring with bio-
logical characteristics which were absent in the parental
events. This may, for example, lead to plant compositions
which negatively impact the ecosystems, the food webs,
the health of wild species and consumers. In general, if
traits do not have a history of conventional breeding, the
effects resulting from their interactions and combinations
may be hard to predict [see 56]. Even if each of the events
themselves are considered to be ‘safe’ in risk assessment,
their offspring may show next-generation effects associ-
ated with unexpected risks caused by genomic interac-
tions. Such genomic interactions may, for example, be
caused by epistasis: current research on NGT applica-
tions in tomatoes shows that the effects of cryptic gene
variants may depend on their genetic background [see,
for example, 70-72]. Cryptic variations are considered
to be mutations that, regardless of whether they occur
naturally or are introduced by technical processes, have
little or no phenotypic consequences unless exposed to
additional genetic or environmental interactions. These
cryptic variations may then lead to unpredictable and
sometimes detrimental outcomes due to epistatic inter-
actions with other genetic variations [91, 92, 94]. These
findings are also relevant to other plant species, such
as wheat [95-97]. Therefore, the genomic interactions
emerging from gene flow, from conventional crossings
and technical stacking are relevant to the assessment of
intended and unintended genetic changes caused by the
processes of NGT.

(iii) Finally, further crossings may also lead to accu-
mulations of unintended off-target genetic alterations,
caused by the multistep processes of NGT (see techni-
cal characteristics) involving for example Agrobacterium
tumefaciens or biolistic methods to generate the above-
described NGTs traits [42, 49, 78, 88]. They are known
for causing specific unintended effects in EGTs [20-23]
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and NGTs [24, 26, see also 98]. However, so far, in many
cases of NGT applications as well as in the context of the
examples used in Scenario 2, no comprehensive data on
potential off-target effects have been published. In future,
specific attention should be paid to the assessment of
unintended genetic effects caused by the multistep pro-
cesses inherent to NGTs, since they are also of relevance
to the assessment of potential interactions both between
and combinations of NGT organisms.

A summarized reasoning of our second hypothesis
may read as follows: If NGTs are used to generate dif-
ferent traits in one species, the resulting intended and/
or unintended genetic changes may lead to interactions
between the NGT organisms, and thus result in effects
that are relevant to risk assessment. Simultaneous cul-
tivation, further crossings and technical stacking of the
various events need to be taken into account. The result-
ing effects may be dependent on specific combinations
of intended or unintended genetic variants, the intended
traits and/or the exposure to stress conditions in the
receiving environment. Even if all individual events were
considered to be ‘safe, uncertainties or unknowns will
still remain due to interactions of the intended and unin-
tended genetic changes and associated effects in each
event. Therefore, the environmental risk assessment of
individual events is not sufficient to predict and assess all
these interactions. Potential adverse effects may impact
plant health and their response to biotic and abiotic
stressors, causing a breakdown in food production or dis-
ruption in agro-ecological systems. Additional direct or
indirect effects (not discussed in here) may emerge in the
context of food safety if the harvest of the different traits
is mixed into diets.

Some experience from transgenic plants

So far only a few traits (mainly herbicide tolerance and
insecticidal toxicity) have been established in transgenic
plants. Nevertheless, several unintended interactions
between those plants have already been observed and
discussed, and are associated with environmental risks.
For example, potential disruptive effects on ecosystems
have been described by Vazquez-Barrios et al. [99] in
regard to glyphosate-resistant transgenic cotton that
produces insecticidal Bt toxins. These transgenic cot-
ton plants have successfully invaded and outcrossed into
natural cotton populations in Mexico, which is one of the
centers of diversity for wild cotton Gossypium hirsutum
[100]. The authors reported that the expression of both
transgenic traits in wild cotton under natural conditions
changed extra-floral nectar production, and thus changed
its association with different ant species. Vazquez-Bar-
rios et al. [99] discuss to which extent the genomic and
metabolic interactions of the combined traits promote
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the spread of the transgenic cotton. Further research is
needed to identify the underlying causes, for example, by
comparing in more detail the single traits with the com-
bined traits occurring in spontaneous crossings.

In Brazil, populations of white flies (Bemisia tabaci)
are increasing in fields where insecticidal transgenic soy-
beans are grown. Originally, the rise in the number of
white flies was explained by a reduction in insecticide
sprayings. However, laboratory experiments revealed
other findings [101]: the white flies suck fluid from the
plants and appear to benefit from specific biological char-
acteristics of the transgenic soybeans. This finding seems
to be especially true for transgenic soybeans which are
glyphosate-resistant and produce Bt toxins. Insects feed-
ing on these plants were more fertile and had significantly
more offspring, but both effects were absent if the trans-
genic soybeans were only resistant to glyphosate. Increas-
ing numbers of white flies also promote plant diseases:
the white flies transmit plant viruses when they feed on
the plants and their excretions facilitate the occurrence
of fungal diseases. Almeida et al. [101] state that the exact
causes for the strongly increased number of white flies
are unknown. One possibility: the Bt insecticides, which
are not toxic for the white flies, might have stimulating
effects. Unexpected genomic interactions in the soybean
varieties are also being considered. There have been pre-
vious reports of an increase in the spread of pest insects
in Brazilian transgenic soybean: experts warned in 2014
that another pest insect, the southern armyworm (Spo-
doptera eridania), was increasingly spreading in fields
with glyphosate-resistant transgenic soybeans which
produce Bt toxins [102]. This effect was apparently not
observed in fields with transgenic plants only inheriting
one of the traits.

Interactions between the transgenic traits were also
described in another case in Brazil [103]: according to
their findings, the spread of Amaranthus weeds (Ama-
ranthus palmeri) in soybean fields is facilitated by the
cultivation of the transgenic herbicide-resistant plants.
It was found that if black armyworm larvae (Spodoptera
cosmioides) fed on A. palmeri, this had positive effects on
its biological and reproductive parameters. In addition,
and unexpectedly, the larvae of S. cosmioides also show
increased fitness if they feed on transgenic soybeans pro-
ducing Bt toxins (CrylAc). Thus, the spread of the larvae
benefited from both traits, the herbicide resistance (and
its indirect effects) and the Bt trait (and its unintended
direct effects). Consequently, the black armyworm, in
particular, can become a plant pest in fields where trans-
genic soybeans with a combination of traits are grown.

There are also some countries in where transgenic
organisms from different domains of life were (inten-
tionally or unintentionally) released into an environment
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where they might interact with each other. For example,
in Brazil, genetically engineered crops [104], fish [105],
mosquitoes [106] and pest insects [107] might share the
same environment and have some potential to persist and
propagate. However, no findings on interactions between
those populations have been published.

There are also some findings from transgenic plants
which do not include interactions between GE organ-
isms but are, nevertheless, of relevance to the scenarios
described above: transgenic wheat with intended resist-
ance to fungal diseases was successfully grown in the
greenhouse but showed lower yield and susceptibil-
ity to a toxic fungal disease (ergot disease) in field trials
[108]. This example shows that the unintended effects
of GE organisms may indeed exceed those which can be
expected in conventionally bred varieties with the same
genetic background. It also shows that environmental
conditions may be decisive for the occurrence of unin-
tended effects, which may then also influence interac-
tions between different GE traits within the same species.

It seems that some of this already existing experience
may also be relevant in the elaboration of our suggested
scenarios. However, due to the specific characteristics of
the NGTs summarized above, these scenarios will need
further consideration and elaboration before conclusions
can be drawn.

Discussion: the need for risk assessment

of interactions between NGT organisms

and the role of technology assessment

As shown above, the effects resulting from the processes
used to generate NGT organisms cannot be generally
equated with those derived from conventional breeding,
even if no additional genes are inserted. While physical
and chemical mutagens (which to some degree also exist
in nature) are not likely to cause other mutations com-
pared to those occurring spontaneously, SDN-1 appli-
cations of targeted biotechnological mutagens, such as
CRISPR/Cas, can produce results (genotypes and pheno-
types) that are unlikely to occur with other methods and
processes.

If NGT organisms are introduced into the environ-
ment on a large-scale, in terms of numbers, traits and
events, then such large-scale releases would unavoid-
ably increase the likelihood of direct or indirect effects
occurring through interactions between those organ-
isms. Therefore, their intended and unintended interac-
tions and potentially resulting hazards will need specific
attention. A lack of awareness of the overall impact of
such large-scale releases may have serious consequences
for future generations. In the past, technologies meant to
solve problems in certain areas (energy, food production,
transport) frequently created new problems, e.g., climate
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change, nuclear waste, chemical pollution and extinction
of species [109]. Given the high technical potential of the
above-described NGTs, comprehensive risk assessment
may become vital for averting another man-made tech-
nology crisis and safeguarding planetary health [110].

NGT organisms which have not adapted through evo-
lutionary processes, may disturb or disrupt ecological
networks in many ways. In general, intended or unin-
tended, direct and indirect effects resulting from NGT
applications and the subsequent release of the derived
organisms, cannot not be seen as ‘neutral’ to the func-
tioning and services of the ecosystems. From our find-
ings, we identified several factors which are relevant in
this context: (1) The differences (in regard to intended
and unintended effects) of the NGT organisms compared
to plants derived from conventional breeding or found
in nature; (2) their combination (caused by simultaneous
presence in a shared receiving environment and/or fur-
ther crossings and/or or technical stacking); and (3) the
scale of their release into the environment, which deter-
mines exposure and the statistical likelihood of (undesir-
able) interactions with each other and the environment.
Whatever the case, even if the individual events are con-
sidered to be safe, the overall scale of releases (number
of organisms, different traits and involved species) still
needs to be taken into account.

Decision-making on potential releases of NGT organ-
isms in the EU is guided by the precautionary principle
in order to prevent eco- and food systems from being
confronted with too many risks, uncertainties and
unknowns. To this end, the development of hypotheses
to explore potential interactions in regard to risk assess-
ment is a crucial step. There are several potential envi-
ronmental risks that involve interactions between the
NGT organisms and the environment, such as (i) dis-
turbance or disruption of ecological interactions of the
plants with their associated microbiomes and/or pol-
linators; (ii) the weakening of resistance (resilience) to
biotic or abiotic stressors; (iii) evolutionary mismatch
effects that complicate future evolutionary processes; and
(iv) endangering biodiversity by the uncontrolled (inva-
sive) spread of NGT organisms and their offspring. Some
of these effects have already been shown to be relevant
factors in the risk assessment of individual NGT organ-
isms, e.g., Camelina sativa with changed oil composition
[38]. At the same time, the NGT camelina has the poten-
tial to persist in the environment and spread uncontrol-
lably. If these plants are, for example, grown together
with other NGT camelina, interactions may occur due to
gene flow, crossings and spontaneous offspring between
the events. In summary, the hypothesis that the overall
impact of several NGT organisms may exceed the sum of
effects observed in individual events if they are released
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into a shared receiving environment is plausible, espe-
cially if this involves large numbers of organisms as well
as several traits and/or many species. There may also
be potential tipping points linked to parallel or succes-
sive large-scale releases of NGT organisms into a shared
receiving environment that could trigger irreversible
damage.

Interactions between the NGT organisms and other
GE organisms may play a decisive role in their overall
environmental impact. In this context, it is not only the
long-term accumulated effects that should be taken into
account, as large numbers and a great variety of NGT
organisms may be released into the ecosystems within
short periods of time, and thus also trigger unintended
combinatorial effects in a short time. These hazards may,
however, escape the attention of risk assessors as EFSA
[4] guidance does not consider such hazards in detail.
Risk assessors may, therefore, see the need to further
develop guidelines to ensure that problem formulation
and all subsequent steps in risk assessment include all
relevant hazards and also leave sufficient space to develop
and assess the hypotheses. As Eckerstorfer et al. [111]
state, trait related as well as process related effects have
to be taken into account in this context: “To this end, we
suggest that two sets of considerations are considered: (1)
trait related-considerations to assess the effects associated
with the newly developed trait(s); and (2) method-related
considerations to assess unintended changes associated
with the intended trait(s) or with other modifications in
the GE plant (...) Based on these considerations, further
guidance should be developed to ensure the high safety
standards provided by the current regulatory framework
for GMOs in the EU for GE plants in an adequate and
efficient way, taking into account the existing knowledge
and experience in a case-specific manner. This guidance
should thus strengthen the case-specific approach that is
recommended by numerous EU and Member States insti-
tutions.” Adequate methods to generate the necessary
data for risk assessment are, for example, whole genome
sequencing, the application of ‘omics’ [16] and compara-
tive analysis of plant composition and phenotypical char-
acteristics [4]. In addition, potential interactions may be
tested in controlled environments [46] and NGT plants
can be exposed to defined stress conditions and sub-
jected to experimental crossings [56].

However, even if adequate methodology is applied, it
is self-evident that uncertainties will still play a crucial
role in this context. As EFSA in its guidance for environ-
mental risk assessment (ERA) correctly states [4, point
2.3.3.8]: “It is recognised that an ERA is only as good as
our state of scientific knowledge at the time it was con-
ducted. Thus, under current EU legislation, ERAs are
required to identify areas of uncertainty or risk which
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relate to areas outside current knowledge and the limited
scope of the ERA. (...) It is recognised that an environ-
mental risk assessment is limited by the nature, scale and
location of experimental releases, which biospheres have
been studied and the length of time the studies were con-
ducted.” EFSA [4] proposes several strategies to deal with
the different levels of uncertainties and knowledge gaps.
However, given the complex nature of effects emerging
from interactions between GE organisms, the uncer-
tainties and knowledge gaps might, in many cases, make
it impossible to draw sufficiently reliable conclusions.
Therefore, cut-off criteria [56, 112] may be necessary to
avoid the release of GE organisms (including NGT organ-
isms) if safety is not demonstrated.

In addition, risk assessors and risk managers should
consider more general aspects: as argued above, the
release of NGT organisms may not be generally consid-
ered to be ‘neutral’ to the ecosystems from the perspec-
tive of environmental protection. Their (undesirable)
impacts may be escalated depending on the number of
organisms and traits being released into a shared eco-
system. Similarly to environmental pollution with plas-
tics and chemicals, it is not always an individual product
which creates the real problems, but rather the sum of
diverse effects. Environmental problems created by the
release of NGT organisms may last as long as or longer
than those caused by plastics and pesticides, especially if
they can persist and propagate in the environment and
thus impact many future generations. For this reason,
there may be a case for generally restricting the intro-
duction of GE organisms into the environment. Conse-
quently, reliable criteria and robust mechanisms may
be needed to justify any releases of these organisms.
For example, the EU Commission [75] does discuss the
potential benefits of NGT organisms, including mitigat-
ing the impacts of climate change or promoting sustain-
ability in agriculture and food production. Therefore,
instruments and criteria may be needed to distinguish
traits with ‘real benefits’ from those which are simply
‘empty promises’

On this basis, the elaboration of future scenarios
within a prospective technology assessment (TA), in
addition to risk assessment, may help to develop regula-
tory instruments and define criteria to minimize poten-
tial adverse effects, and also identify applications with a
sound expectation of real benefits. Crucial TA principles
are, for example, summarized in the GAO “Technology
Assessment Design Handbook” published in 2021: “New
technologies can have a range of effects, potentially both
positive and disruptive, that TAs can explore. GAO has
broadly defined TA as the thorough and balanced analy-
sis of significant primary, secondary, indirect, and delayed
interactions of a technological innovation with society, the
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environment, and the economy and the present and fore-
seen consequences and effects of those interactions.” [113].

In general, case-specific risk assessment as foreseen in
EU GMO regulation can be seen as an ‘end-of-pipe’ safety
control mechanism for individual organisms (‘events’)
just before they enter the market. In contrast, TA can
deal more generally with (groups of) products derived
from specific (new) technologies (ideally) before the final
products reach the market. In the EU, it could become a
tool for making risk management decisions, for example,
to control the overall scale of releases of NGT organ-
isms. However, so far, there is no established decision-
making process to derive such conclusions. At the same
time, the development of suitable methods and criteria
is urgently needed: if, in the near future, NGT organisms
are released and marketed to the extent proposed by sev-
eral stakeholders, then interactions between NGT organ-
isms are likely to become unavoidable in many regions of
the world, including the EU.

While TA cannot replace the risk assessment of indi-
vidual organisms (‘events’), it can nevertheless help in
political decision-making to seek a balance between
the potential benefits and reducing the overall risks of
adverse effects on biodiversity and planetary health. If
NGT organisms are, for example, applied in agriculture,
their potential negative impacts may be minimized by
only approving organisms which are considered to be
safe and come with a reasonable expectation of provid-
ing substantial benefits. Limiting the number and scale of
releases of NGT organisms also seems to be a necessary
precondition for a reliable assessment of their interac-
tions and associated risks.

Conclusions

New genomic techniques (NGTs) allow new genotypes
and traits to be developed in different ways, and with
different outcomes compared to previous genetic engi-
neering methods or conventional breeding (including
non-targeted mutagenesis).

Plants developed with NGTs may comprise many more
different traits and species compared to transgenic plants
approved for the market so far. In addition, NGT appli-
cations may be relevant to all domains of life, including
non-domesticated species.

Due to the intended or unintended effects resulting
from the application of NGTs, the release of the NGT
organisms may not be ‘neutral’ to the ecosystems. The
occurrence of disadvantageous interactions and dis-
ruptive effects will be more likely or less likely, depend-
ing on how their biological characteristics (intended or
unintended) differ from those of conventionally bred
or naturally occurring plants, also including the degree
of environmental exposure, their combinations and
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conditions in the receiving environment. Large-scale
releases of NGT organisms across a broad range of spe-
cies will increase the likelihood of direct and indirect
risks associated with interactions between GE organ-
isms, especially in terms of numbers and traits. Whatever
the case, it has to be assumed that the overall impact of
numerous NGT organisms being released into a shared
receiving environment may exceed the sum of effects
observed in distinct events. These observations could be
a particular cause for concern if NGT-GMOs are released
without sufficient regulation and control.

Environmental risk assessment of the individual events
is not sufficient to predict or assess these interactions.
Consequently, risk assessors and risk managers should
not only consider the risks associated with individual
NGT organisms, but should also take into account risks
emerging from interactions between GE organisms and
their potential pathways to harm. Risk scenarios involv-
ing several events with different traits, belonging to either
the same species or to several species, can be used to
develop plausible hypotheses, define hazards and guide
the risk assessment in accordance with the precaution-
ary principle. In this context, the sufficiency of the cur-
rent guidelines for risk assessment should be reviewed in
detail and amended as necessary.

Combinatorial effects typically increase the level of
complexity and decrease the level of predictability.
Therefore, if the complexity of direct and indirect effects
caused by interactions in between NGT organisms and
with their environment does not allow final conclusions
to be drawn on their environmental safety, we propose
the introduction of cut-off criteria which allow decisions
to be taken in the face of uncertainties [56, 112].

In addition, the risk manager should also consider
broader aspects: similarly to the need to reduce the use
of plastics and toxic substances, such as pesticides, there
may also be a need to restrict the introduction of geneti-
cally engineered organisms into the environment. There-
fore, reliable instruments and criteria may also be needed
to assess the anticipated benefits ensuing from the release
of NGT organisms, e.g., mitigating the impact of climate
change or promoting sustainability in agriculture and
food production. A general limit to the scale of releases
of NGT organisms is also likely to be a necessary pre-
condition for a reliable assessment of their interactions.
Therefore, additional instruments and criteria established
within prospective technology assessment will be needed
to distinguish traits with ‘real benefits’ from those which
are simply ‘empty’ promises.
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Abbreviations
Bt Bacillus thuringiensis

CRISPR/Cas Clustered regularly interspaced short palindromic
repeats/CRISPR associated

DNA Deoxyribonucleic acid

EFSA European Food Safety Authority

EGT Established genomic techniques involving non-
targeted methods for gene transfer

ERA Environmental risk assessment

EU European Union

GAO United States Government Accountability Office

GE Genetically engineered

GMO Genetically modified organism

HEGAA Horizontal Environmental Genetic Alteration Agents

HDR Homology directed repair

NGT New genomic technique

NHEJ Non-homologous end joining

PUFAs Polyunsaturated fatty acids

SDN Site directed nuclease

TA Technology assessment

TALENSs Transcription activator-like effector nucleases

Acknowledgements
We like to thank Nina Valenzuela (Testbiotech) for her editing and the experts
of the Bundesamt fur Naturschutz (BfN) for giving their feedback.

Author contributions
All authors contributed equally to this manuscript. All authors read and
approved the final manuscript.

Funding

Funding was received by the Bundesamt fur Naturschutz (BfN), FKZ 3519 84
0300, for those authors (Franziska Koller, Meike Schulz) which are affiliated
to the Fachstelle Gentechnik und Umwelt (FGU). Testbiotech was involved
without specific funding for this publication.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 October 2022 Accepted: 9 April 2023
Published online: 20 April 2023

References

1. European Parliament, Council of the European Union (2001) Directive
2001/18/EC of the European Parliament and of the Council of 12 March
2001 on the deliberate release into the environment of genetically
modified organisms and repealing Council Directive 90/220/EEC—
Commission Declaration

2. European Commission (2018) Commission Directive (EU) 2018/350 of
8 March 2018 amending Directive 2001/18/EC of the European Parlia-
ment and of the Council as regards the environmental risk assessment
of genetically modified organisms



Koller et al. Environmental Sciences Europe

20.

21.

(2023) 35:27

European Commission (2013) Commission Implementing Regulation
(EU) No 503/2013 of 3 April 2013 on applications for authorisation of
genetically modified food and feed in accordance with Regulation

(EC) No 1829/2003 of the European Parliament and of the Council

and amending Commission Regulations (EC) No 641/2004 and (EC)

No 1981/2006 Text with EEA relevance

EFSA Panel on Genetically Modified Organisms (GMO) (2010) Guidance
on the environmental risk assessment of genetically modified plants.
EFSA J 8:1879. https://doi.org/10.2903/j.efsa.2010.1879

EFSA Panel on Genetically Modified Organisms (GMO), Mullins E, Bres-
son J-L et al (2022) Criteria for risk assessment of plants produced by
targeted mutagenesis, cisgenesis and intragenesis. EFSA J 20:e07618.
https://doi.org/10.2903/j.efsa.2022.7618

Joint Research Centre (2021) New Genomic Techniques market
dashboard. In: Data-Modelling platform of resource economics. https://
datam jrcec.europa.eu/datam/mashup/NEW_GENOMIC_TECHNIQUES/
index.html. Accessed 8 Mar 2023

BVL - the Federal Office of Consumer Protection and Food Safety
(Berlin, DE), WFSR - Wageningen Food Safety Research (formerly RIKILT)
of Wageningen UR (Wageningen, NL) (2023) The European GMO
database. In: European GMO Initiative for a Unified Database System
(EUginius). https://euginius.eu/euginius/pages/home.jsf. Accessed 9
Mar 2023

Joint Research Centre (European Commission) (2021) Current and
future market applications of new genomic techniques. Publications
Office of the European Union, Luxembourg

Eckerstorfer MF, Dolezel M, Heissenberger A et al (2019) An EU perspec-
tive on biosafety considerations for plants developed by genome
editing and other New Genetic Modification Techniques (nGMs). Front
Bioeng Biotechnol 7:1-13. https://doi.org/10.3389/fbioe.2019.00031
Kawall K (2019) New possibilities on the horizon: genome editing
makes the whole genome accessible for changes. Front Plant Sci
10:525. https://doi.org/10.3389/fpls.2019.00525

EFSA Panel on Genetically Modified Organisms (GMO) (2021) Evaluation
of existing guidelines for their adequacy for the molecular characterisa-
tion and environmental risk assessment of genetically modified plants
obtained through synthetic biology. EFSA J 19:e06301. https://doi.org/
10.2903/j.efsa.2021.6301

Jinek M, Chylinski K, Fonfara | et al (2012) A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial immunity. Science
337:816-821. https://doi.org/10.1126/science.1225829

Raitskin O, Patron NJ (2016) Multi-gene engineering in plants with RNA-
guided Cas9 nuclease. Curr Opin Biotechnol 37:69-75. https://doi.org/
10.1016/j.copbio.2015.11.008

Wang H, La Russa M, Qi LS (2016) CRISPR/Cas9 in genome editing and
beyond. Annu Rev Biochem 85:227-264. https://doi.org/10.1146/annur
ev-biochem-060815-014607

Zetsche B, Heidenreich M, Mohanraju P et al (2017) Multiplex gene edit-
ing by CRISPR-Cpf1 using a single crRNA array. Nat Biotechnol 35:31-34.
https://doi.org/10.1038/nbt.3737

Kawall K, Cotter J, Then C (2020) Broadening the GMO risk assessment
in the EU for genome editing technologies in agriculture. Environ Sci
Eur 32:106. https://doi.org/10.1186/512302-020-00361-2

Sander JD, Joung JK (2014) CRISPR-Cas systems for editing, regulating
and targeting genomes. Nat Biotechnol 32:347-355. https://doi.org/10.
1038/nbt.2842

Doudna JA, Charpentier E (2014) Genome editing. The new frontier of
genome engineering with CRISPR-Cas9. Science 346:1258096. https://
doi.org/10.1126/science.1258096

EFSA Panel on Genetically Modified Organisms (GMO) (2020) Appli-
cability of the EFSA Opinion on site-directed nucleases type 3 for the
safety assessment of plants developed using site-directed nucleases
type 1 and 2 and oligonucleotide-directed mutagenesis. EFSA J
18:06299. https://doi.org/10.2903/j.efsa.2020.6299

Forsbach A, Schubert D, Lechtenberg B et al (2003) A comprehensive
characterization of single-copy T-DNA insertions in the Arabidopsis
thaliana genome. Plant Mol Biol 52:161-176. https://doi.org/10.1023/a:
1023929630687

Makarevitch I, Svitashev SK, Somers DA (2003) Complete sequence
analysis of transgene loci from plants transformed via microprojectile

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

Page 13 of 15

bombardment. Plant Mol Biol 52:421-432. https://doi.org/10.1023/a:
1023968920830

Gelvin SB (2017) Integration of agrobacterium T-DNA into the plant
genome. Annu Rev Genet 51:195-217. https://doi.org/10.1146/annur
ev-genet-120215-035320

Yue J,VanBuren R, Liu J et al (2022) SunUp and Sunset genomes
revealed impact of particle bombardment mediated transformation
and domestication history in papaya. Nat Genet 54:715-724. https.//
doi.org/10.1038/541588-022-01068-1

Braatz J, Harloff H-J, Mascher M et al (2017) CRISPR-Cas9 targeted
mutagenesis leads to simultaneous modification of different homoe-
ologous gene copies in polyploid oilseed rape ( Brassica napus ). Plant
Physiol 174:935-942. https://doi.org/10.1104/pp.17.00426
Modrzejewski D, Hartung F, Lehnert H et al (2020) Which factors affect
the occurrence of off-target effects caused by the use of CRISPR/Cas: a
systematic review in plants. Front Plant Sci 11:574959. https://doi.org/
10.3389/fpls.2020.574959

Biswas S, Tian J, Li R et al (2020) Investigation of CRISPR/Cas9-induced
SD1 rice mutants highlights the importance of molecular characteriza-
tion in plant molecular breeding. J Genetics Genomics 47:273-280.
https://doi.org/10.1016/j.jgg.2020.04.004

Haijer |, Emmanouilidou A, Ostlund R et al (2022) CRISPR-Cas9 induces
large structural variants at on-target and off-target sites in vivo that
segregate across generations. Nat Commun 13:627. https://doi.org/10.
1038/541467-022-28244-5

Ahloowalia BS, Maluszynski M (2001) Induced mutations—a new
paradigm in plant breeding. Euphytica 118:167-173. https://doi.org/10.
1023/A:1004162323428

Wendel JF, Jackson SA, Meyers BC, Wing RA (2016) Evolution of plant
genome architecture. Genome Biol 17:37. https://doi.org/10.1186/
$13059-016-0908-1

LinT, Zhu G, Zhang J et al (2014) Genomic analyses provide insights
into the history of tomato breeding. Nat Genet 46:1220-1226. https://
doi.org/10.1038/ng.3117

Jones DM, Wells R, Pullen N et al (2018) Spatio-temporal expression
dynamics differ between homologues of flowering time genes in the
allopolyploid Brassica napus. Plant J 96:103-118. https://doi.org/10.
1111/tpj.14020

Belfield EJ, Ding ZJ, Jamieson FJC et al (2018) DNA mismatch repair
preferentially protects genes from mutation. Genome Res 28:66-74.
https://doi.org/10.1101/gr.219303.116

Huang Y, Li G-M (2018) DNA mismatch repair preferentially safeguards
actively transcribed genes. DNA Repair 71:82-86. https://doi.org/10.
1016/j.dnarep.2018.08.010

Filler Hayut S, Melamed Bessudo C, Levy AA (2017) Targeted recombi-
nation between homologous chromosomes for precise breeding in
tomato. Nat Commun 8:15605. https://doi.org/10.1038/ncomms 15605
Frigola J, Sabarinathan R, Mularoni L et al (2017) Reduced mutation rate
in exons due to differential mismatch repair. Nat Genet 49:1684-1692.
https://doi.org/10.1038/ng.3991

Halstead MM, Kern C, Saelao P et al (2020) A comparative analysis of
chromatin accessibility in cattle, pig, and mouse tissues. BMC Genomics
21:698. https://doi.org/10.1186/512864-020-07078-9

Monroe JG, Srikant T, Carbonell-Bejerano P et al (2022) Mutation bias
reflects natural selection in Arabidopsis thaliana. Nature 602:101-105.
https://doi.org/10.1038/541586-021-04269-6

Kawall K (2021) Genome-edited Camelina sativa with a unique fatty
acid content and its potential impact on ecosystems. Environ Sci Eur
33:38. https://doi.org/10.1186/512302-021-00482-2

Kawall K (2021) The generic risks and the potential of SDN-1 applica-
tions in crop plants. Plants 10:2259. https://doi.org/10.3390/plants1011
2259

Weiss T, Crisp PA, Rai KM et al (2022) Epigenetic features drastically
impact CRISPR-Cas9 efficacy in plants. Plant Physiol 190:1153-1164.
https://doi.org/10.1093/plphys/kiac285

Nonaka S, Arai C, Takayama M et al (2017) Efficient increase of
y-aminobutyric acid (GABA) content in tomato fruits by tar-

geted mutagenesis. Sci Rep 7:7057. https://doi.org/10.1038/
$41598-017-06400-y

Raffan S, Sparks C, Huttly A et al (2021) Wheat with greatly reduced
accumulation of free asparagine in the grain, produced by CRISPR/


https://doi.org/10.2903/j.efsa.2010.1879
https://doi.org/10.2903/j.efsa.2022.7618
https://datam.jrc.ec.europa.eu/datam/mashup/NEW_GENOMIC_TECHNIQUES/index.html
https://datam.jrc.ec.europa.eu/datam/mashup/NEW_GENOMIC_TECHNIQUES/index.html
https://datam.jrc.ec.europa.eu/datam/mashup/NEW_GENOMIC_TECHNIQUES/index.html
https://euginius.eu/euginius/pages/home.jsf
https://doi.org/10.3389/fbioe.2019.00031
https://doi.org/10.3389/fpls.2019.00525
https://doi.org/10.2903/j.efsa.2021.6301
https://doi.org/10.2903/j.efsa.2021.6301
https://doi.org/10.1126/science.1225829
https://doi.org/10.1016/j.copbio.2015.11.008
https://doi.org/10.1016/j.copbio.2015.11.008
https://doi.org/10.1146/annurev-biochem-060815-014607
https://doi.org/10.1146/annurev-biochem-060815-014607
https://doi.org/10.1038/nbt.3737
https://doi.org/10.1186/s12302-020-00361-2
https://doi.org/10.1038/nbt.2842
https://doi.org/10.1038/nbt.2842
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.2903/j.efsa.2020.6299
https://doi.org/10.1023/a:1023929630687
https://doi.org/10.1023/a:1023929630687
https://doi.org/10.1023/a:1023968920830
https://doi.org/10.1023/a:1023968920830
https://doi.org/10.1146/annurev-genet-120215-035320
https://doi.org/10.1146/annurev-genet-120215-035320
https://doi.org/10.1038/s41588-022-01068-1
https://doi.org/10.1038/s41588-022-01068-1
https://doi.org/10.1104/pp.17.00426
https://doi.org/10.3389/fpls.2020.574959
https://doi.org/10.3389/fpls.2020.574959
https://doi.org/10.1016/j.jgg.2020.04.004
https://doi.org/10.1038/s41467-022-28244-5
https://doi.org/10.1038/s41467-022-28244-5
https://doi.org/10.1023/A:1004162323428
https://doi.org/10.1023/A:1004162323428
https://doi.org/10.1186/s13059-016-0908-1
https://doi.org/10.1186/s13059-016-0908-1
https://doi.org/10.1038/ng.3117
https://doi.org/10.1038/ng.3117
https://doi.org/10.1111/tpj.14020
https://doi.org/10.1111/tpj.14020
https://doi.org/10.1101/gr.219303.116
https://doi.org/10.1016/j.dnarep.2018.08.010
https://doi.org/10.1016/j.dnarep.2018.08.010
https://doi.org/10.1038/ncomms15605
https://doi.org/10.1038/ng.3991
https://doi.org/10.1186/s12864-020-07078-9
https://doi.org/10.1038/s41586-021-04269-6
https://doi.org/10.1186/s12302-021-00482-2
https://doi.org/10.3390/plants10112259
https://doi.org/10.3390/plants10112259
https://doi.org/10.1093/plphys/kiac285
https://doi.org/10.1038/s41598-017-06400-y
https://doi.org/10.1038/s41598-017-06400-y

Koller et al. Environmental Sciences Europe

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2023) 35:27

Cas9 editing of asparagine synthetase gene TaASN2. Plant Biotechnol J
19:1602-1613. https://doi.org/10.1111/pbi.13573

Spanu PD (2022) Slicing the cost of bread. Nat Plants 8:200-201. https://
doi.org/10.1038/541477-022-01115-z

Kishimoto K, Washio Y, Yoshiura Y et al (2018) Production of a breed of
red sea bream Pagrus major with an increase of skeletal muscle mass
and reduced body length by genome editing with CRISPR/Cas9. Aqua-
culture 495:415-427. https://doi.org/10.1016/j.aquaculture.2018.05.055
Lee K-R, Jeon |, Yu H et al (2021) Increasing monounsaturated fatty acid
contents in hexaploid Camelina sativa seed oil by FAD2 gene knockout
using CRISPR-Cas9. Front Plant Sci 12:702930. https://doi.org/10.3389/
fpls.2021.702930

Barbour MA, Kliebenstein DJ, Bascompte J (2022) A keystone gene
underlies the persistence of an experimental food web. Science
376:70-73. https://doi.org/10.1126/science.abf2232

Zs6gon A, Cermak T, Naves ER et al (2018) De novo domestication of
wild tomato using genome editing. Nat Biotechnol 36:1211-1216.
https://doi.org/10.1038/nbt.4272

EFSA Panel on Genetically Modified Organisms (GMO) (2022) Evaluation
of existing guidelines for their adequacy for the food and feed risk
assessment of genetically modified plants obtained through synthetic
biology. EFSA J 20:e07410. https://doi.org/10.2903/j.efsa.2022.7410
Sanchez-Ledn S, Gil-Humanes J, Ozuna CV et al (2018) Low-gluten,
nontransgenic wheat engineered with CRISPR/Cas9. Plant Biotechnol J
16:902-910. https://doi.org/10.1111/pbi.12837

Testbiotech (2021) Testbiotech comment on the IUCN report “Genetic
frontiers for conservation, an assessment of synthetic biology and
biodiversity conservation” In: testbiotech. https://www.testbiotech.org/
content/testbiotech-comment-iucn-report-genetic-frontiers-conservati
on-assessment-synthetic-biology. Accessed 28 Sep 2022

Secretariat of the Convention on Biological Diversity (2022) CBD Techni-
cal Series 100: Synthetic Biology. The Biosafety Clearing-House (BCH)
Synthetic Biology:196

Gantz VM, Bier E (2015) Genome editing. The mutagenic chain reaction:
a method for converting heterozygous to homozygous mutations.
Science 348:442-444. https:;//doi.org/10.1126/science.aaa5945

FrieR JL, von Gleich A, Giese B (2019) Gene drives as a new quality in
GMO releases—a comparative technology characterization. PeerJ
7:e6793. https://doi.org/10.7717/peer}.6793

Lentzos F, Rybicki EP, Engelhard M et al (2022) Eroding norms over
release of self-spreading viruses. Science 375:31-33. https://doi.org/10.
1126/science.abj5593

Pfeifer K, Frie3 JL, Giese B (2022) Insect allies—assessment of a viral
approach to plant genome editing. Integr Environ Assess Manag.
https://doi.org/10.1002/ieam.4577

Bauer-Panskus A, Miyazaki J, Kawall K, Then C (2020) Risk assessment

of genetically engineered plants that can persist and propagate in

the environment. Environ Sci Eur 32:32. https://doi.org/10.1186/
$12302-020-00301-0

Temme K, Zhao D, Voigt CA (2012) Refactoring the nitrogen fixation
gene cluster from Klebsiella oxytoca. Proc Natl Acad Sci USA 109:7085—
7090. https://doi.org/10.1073/pnas.1120788109

Shelake RM, Pramanik D, Kim J-Y (2019) Exploration of plant-microbe
interactions for sustainable agriculture in CRISPR era. Microorganisms
7:E269. https://doi.org/10.3390/microorganisms7080269

Shulse CN, Chovatia M, Agosto C et al (2019) Engineered root bacteria
release plant-available phosphate from phytate. Appl Environ Microbiol
85:e01210-e1219. https://doi.org/10.1128/AEM.01210-19

Vorholt JA, Vogel C, Carlstrém Cl, Muller DB (2017) Establishing causal-
ity: opportunities of synthetic communities for plant microbiome
research. Cell Host Microbe 22:142-155. https://doi.org/10.1016/j.chom.
2017.07.004

Checcucci A, diCenzo GC, GhiniV et al (2018) Creation and characteri-
zation of a genomically hybrid strain in the nitrogen-fixing symbiotic
bacterium Sinorhizobium meliloti. ACS Synth Biol 7:2365-2378. https://
doi.org/10.1021/acssynbio.8b00158

Hettiarachchige IK, Elkins AC, Reddy P et al (2019) Genetic modifica-
tion of asexual Epichloé endophytes with the perA gene for peramine
biosynthesis. Mol Genet Genomics 294:315-328. https://doi.org/10.
1007/500438-018-1510-x

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 14 of 15

Arif 1, Batool M, Schenk PM (2020) Plant microbiome engineering:
expected benefits for improved crop growth and resilience. Trends
Biotechnol 38:1385-1396. https://doi.org/10.1016/j.tibtech.2020.04.015
Ren X, Hoiczyk E, Rasgon JL (2008) Viral paratransgenesis in the malaria
vector Anopheles gambiae. PLoS Pathog 4:21000135. https://doi.org/10.
1371/journal.ppat.1000135

Fang W, Vega-Rodriguez J, Ghosh AK et al (2011) Development of trans-
genic fungi that kill human malaria parasites in mosquitoes. Science
331:1074-1077. https://doi.org/10.1126/science.1199115

Rangberg A, Diep DB, Rudi K, Amdam GV (2012) Paratransgenesis: an
approach to improve colony health and molecular insight in honey
bees (Apis mellifera)? Integr Comp Biol 52:89-99. https://doi.org/10.
1093/icb/ics089

De Vooght L, Caljon G, De Ridder K, Van Den Abbeele J (2014) Delivery
of a functional anti-trypanosome nanobody in different tsetse fly
tissues via a bacterial symbiont, Sodalis glossinidius. Microb Cell Fact
13:156. https://doi.org/10.1186/512934-014-0156-6

Gilbert JA, Medlock J, Townsend JP et al (2016) Determinants of human
African trypanosomiasis elimination via paratransgenesis. PLoS Negl
Trop Dis 10:e0004465. https://doi.org/10.1371/journal.pntd.0004465
Bilgo E, Lovett B, Fang W et al (2017) Improved efficacy of an

arthropod toxin expressing fungus against insecticide-resistant
malaria-vector mosquitoes. Sci Rep 7:3433. https://doi.org/10.1038/
$41598-017-03399-0

Leonard SP, Perutka J, Powell JE et al (2018) Genetic engineering of bee
gut microbiome bacteria with a toolkit for modular assembly of broad-
host-range plasmids. ACS Synth Biol 7:1279-1290. https://doi.org/10.
1021/acssynbio.7b00399

Lovett B, Bilgo E, Millogo SA et al (2019) Transgenic Metarhizium rapidly
kills mosquitoes in a malaria-endemic region of Burkina Faso. Science
364:894-897. https://doi.org/10.1126/science.aaw8737

Leonard SP, Powell JE, Perutka J et al (2020) Engineered symbionts acti-
vate honey bee immunity and limit pathogens. Science 367:573-576.
https://doi.org/10.1126/science.aax9039

Levin RA, Voolstra CR, Agrawal S et al (2017) Engineering strategies to
decode and enhance the genomes of coral symbionts. Front Microbiol
8:1220. https://doi.org/10.3389/fmicb.2017.01220

Wilke ABB, Marrelli MT (2015) Paratransgenesis: a promising new strat-
egy for mosquito vector control. Parasit Vectors 8:342. https://doi.org/
10.1186/513071-015-0959-2

European Commission (2021) Study on the status of new genomic
techniques under Union law and in light of the Court of Justice ruling
in Case C-528/16 - Commission Staff Working Document - SWD(2021)
92 final

Heinemann JA, Paull DJ, Walker S, Kurenbach B (2021) Differentiated
impacts of human interventions on nature: scaling the conversation on
regulation of gene technologies. Elementa 9:00086. https://doi.org/10.
1525/elementa.2021.00086

Breckling B, von Gleich A (2020) Gene Drives Touching Tipping Points.
In: von Gleich A, Schroder W (eds) Gene drives at tipping points: pre-
cautionary technology assessment and governance of new approaches
to genetically modify animal and plant populations. Springer Interna-
tional Publishing, Cham, pp 29-56

Morineau C, Bellec Y, Tellier F et al (2017) Selective gene dosage by
CRISPR-Cas9 genome editing in hexaploid Camelina sativa. Plant Bio-
technol J 15:729-739. https://doi.org/10.1111/pbi.12671

Verma AK, Mandal S, Tiwari A et al (2021) Current status and perspec-
tives on the application of CRISPR/Cas9 gene-editing system to
develop a low-gluten, non-transgenic wheat variety. Foods 10:2351.
https://doi.org/10.3390/foods 10102351

Gomez-Cano F, Chu Y-H, Cruz-Gomez M et al (2022) Exploring Camelina
sativa lipid metabolism regulation by combining gene co-expression
and DNA affinity purification analyses. Plant J 110:589-606. https://doi.
org/10.1111/tpj.15682

Aznar-Moreno JA, Durrett TP (2017) Simultaneous targeting of multiple
gene homeologs to alter seed oil production in Camelina sativa. Plant
Cell Physiol 58:1260-1267. https://doi.org/10.1093/pcp/pcx058

Jiang WZ, Henry IM, Lynagh PG et al (2017) Significant enhancement of
fatty acid composition in seeds of the allohexaploid, Camelina sativa,


https://doi.org/10.1111/pbi.13573
https://doi.org/10.1038/s41477-022-01115-z
https://doi.org/10.1038/s41477-022-01115-z
https://doi.org/10.1016/j.aquaculture.2018.05.055
https://doi.org/10.3389/fpls.2021.702930
https://doi.org/10.3389/fpls.2021.702930
https://doi.org/10.1126/science.abf2232
https://doi.org/10.1038/nbt.4272
https://doi.org/10.2903/j.efsa.2022.7410
https://doi.org/10.1111/pbi.12837
https://www.testbiotech.org/content/testbiotech-comment-iucn-report-genetic-frontiers-conservation-assessment-synthetic-biology
https://www.testbiotech.org/content/testbiotech-comment-iucn-report-genetic-frontiers-conservation-assessment-synthetic-biology
https://www.testbiotech.org/content/testbiotech-comment-iucn-report-genetic-frontiers-conservation-assessment-synthetic-biology
https://doi.org/10.1126/science.aaa5945
https://doi.org/10.7717/peerj.6793
https://doi.org/10.1126/science.abj5593
https://doi.org/10.1126/science.abj5593
https://doi.org/10.1002/ieam.4577
https://doi.org/10.1186/s12302-020-00301-0
https://doi.org/10.1186/s12302-020-00301-0
https://doi.org/10.1073/pnas.1120788109
https://doi.org/10.3390/microorganisms7080269
https://doi.org/10.1128/AEM.01210-19
https://doi.org/10.1016/j.chom.2017.07.004
https://doi.org/10.1016/j.chom.2017.07.004
https://doi.org/10.1021/acssynbio.8b00158
https://doi.org/10.1021/acssynbio.8b00158
https://doi.org/10.1007/s00438-018-1510-x
https://doi.org/10.1007/s00438-018-1510-x
https://doi.org/10.1016/j.tibtech.2020.04.015
https://doi.org/10.1371/journal.ppat.1000135
https://doi.org/10.1371/journal.ppat.1000135
https://doi.org/10.1126/science.1199115
https://doi.org/10.1093/icb/ics089
https://doi.org/10.1093/icb/ics089
https://doi.org/10.1186/s12934-014-0156-6
https://doi.org/10.1371/journal.pntd.0004465
https://doi.org/10.1038/s41598-017-03399-0
https://doi.org/10.1038/s41598-017-03399-0
https://doi.org/10.1021/acssynbio.7b00399
https://doi.org/10.1021/acssynbio.7b00399
https://doi.org/10.1126/science.aaw8737
https://doi.org/10.1126/science.aax9039
https://doi.org/10.3389/fmicb.2017.01220
https://doi.org/10.1186/s13071-015-0959-2
https://doi.org/10.1186/s13071-015-0959-2
https://doi.org/10.1525/elementa.2021.00086
https://doi.org/10.1525/elementa.2021.00086
https://doi.org/10.1111/pbi.12671
https://doi.org/10.3390/foods10102351
https://doi.org/10.1111/tpj.15682
https://doi.org/10.1111/tpj.15682
https://doi.org/10.1093/pcp/pcx058

Koller et al. Environmental Sciences Europe

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

95.

96.

97.

98.

99.

(2023) 35:27

using CRISPR/Cas9 gene editing. Plant Biotechnol J 15:648-657. https://
doi.org/10.1111/pbi.12663

Guan J, Garcia DF, Zhou Y et al (2020) The battle to sequence the bread
wheat genome: a tale of the three kingdoms. Genomics Proteomics
Bioinformatics 18:221-229. https://doi.org/10.1016/j.gpb.2019.09.005
Gatti S, Lionetti E, Balanzoni L et al (2020) Increased prevalence of
celiac disease in school-age children in Italy. Clin Gastroenterol Hepatol
18:596-603. https://doi.org/10.1016/j.cgh.2019.06.013

Blumenthal C, Bekes F, Gras PW et al (1995) Identification of wheat
genotypes tolerant to the effects of heat stress on grain quality. Cereal
Chem 72:539-544

Phakela K, van Biljon A, Wentzel B et al (2021) Gluten protein response
to heat and drought stress in durum wheat as measured by reverse
phase—high performance liquid chromatography. J Cereal Sci
100:103267. https://doi.org/10.1016/}.jcs.2021.103267

Marin-Sanz M, lehisa JCM, Barro F (2022) New transcriptomic insights in
two RNAi wheat lines with the gliadins strongly down-regulated by two
endosperm specific promoters. Crop J 10:194-203. https://doi.org/10.
1016/).¢j.2021.04.009

Wang Y, Cheng X, Shan Q et al (2014) Simultaneous editing of three
homoeoalleles in hexaploid bread wheat confers heritable resistance to
powdery mildew. Nat Biotechnol 32:947-951. https://doi.org/10.1038/
nbt.2969

Acevedo-Garcia J, Spencer D, Thieron H et al (2017) mlo-based powdery
mildew resistance in hexaploid bread wheat generated by a non-
transgenic TILLING approach. Plant Biotechnol J 15:367-378. https://
doi.org/10.1111/pbi.12631

Martin AC, Alabdullah AK, Moore G (2021) A separation-of-function
ZIP4 wheat mutant allows crossover between related chromosomes
and is meiotically stable. Sci Rep 11:21811. https://doi.org/10.1038/
s41598-021-01379-z

Soyk S, Lemmon ZH, Sedlazeck FJ et al (2019) Duplication of a domes-
tication locus neutralized a cryptic variant that caused a breeding
barrier in tomato. Nat Plants 5:471-479. https://doi.org/10.1038/
s41477-019-0422-z

Alonge M, Wang X, Benoit M et al (2020) Major impacts of widespread
structural variation on gene expression and crop improvement in
tomato. Cell 182:145-161.e23. https://doi.org/10.1016/j.cell.2020.05.021
Jobson E, Roberts R (2022) Genomic structural variation in tomato

and its role in plant immunity. Mol Hortic 2:7. https://doi.org/10.1186/
$43897-022-00029-w

Rodriguez-Leal D, Lemmon ZH, Man J et al (2017) Engineering quan-
titative trait variation for crop improvement by genome editing. Cell
171:470-480.e8. https://doi.org/10.1016/j.cell.2017.08.030

JiL, Neumann DA, Schmitz RJ (2015) Crop epigenomics: identifying,
unlocking, and harnessing cryptic variation in crop genomes. Mol Plant
8:860-870. https://doi.org/10.1016/j.molp.2015.01.021

Jiang Y, Schmidt RH, ZhaoY, Reif JC (2017) A quantitative genetic frame-
work highlights the role of epistatic effects for grain-yield heterosis in
bread wheat. Nat Genet 49:1741-1746. https://doi.org/10.1038/ng.3974
Pramanik D, Shelake RM, Kim MJ, Kim J-Y (2021) CRISPR-mediated engi-
neering across the central dogma in plant biology for basic research
and crop improvement. Mol Plant 14:127-150. https://doi.org/10.
1016/j.molp.2020.11.002

Heinemann J, Clark K, Hiscox TC et al (2023) Are null segregants new
combinations of heritable material and should they be regulated? Front
Genome Ed 4:59. https://doi.org/10.3389/fgeed.2022.1064103
Vdzquez-Barrios V, Boege K, Sosa-Fuentes TG et al (2021) Ongoing eco-
logical and evolutionary consequences by the presence of transgenes
in a wild cotton population. Sci Rep 11:1959. https://doi.org/10.1038/
s41598-021-81567-z

Wegier A, Pifleyro-Nelson A, Alarcén J et al (2011) Recent long-distance
transgene flow into wild populations conforms to historical patterns

of gene flow in cotton (Gossypium hirsutum) at its centre of origin. Mol
Ecol 20:4182-4194. https://doi.org/10.1111/j.1365-294X.2011.05258.x
Almeida MF, Tavares CS, Aratjo EO et al (2021) Plant resistance in some
modern soybean varieties may favor population growth and modify
the stylet penetration of Bemisia tabaci (Hemiptera: Aleyrodidae). J
Econ Entomol 114:970-978. https://doi.org/10.1093/jee/toab008
Bortolotto OC, Silva GV, de Freitas BA et al (2014) Development and
reproduction of Spodoptera eridania (Lepidoptera: Noctuidae) and

103.

104.

105.

107.

108.

109.

110.

113.

Page 15 of 15

its egg parasitoid Telenomus remus (Hymenoptera: Platygastridae) on
the genetically modified soybean (Bt) MON 87701 x MON 89788. Bull
Entomol Res 104:724-730. https://doi.org/10.1017/500074853140005
46

Paez Jerez PG, Hill JG, Pereira EJG et al (2022) The role of genetically
engineered soybean and Amaranthus weeds on biological and repro-
ductive parameters of Spodoptera cosmioides (Lepidoptera: Noctuidae).
Pest Manag Sci 78:2502-2511. https://doi.org/10.1002/ps.6882
Fernandes GB, Silva ACdL, Maronhas MES et al (2022) Transgene flow:
challenges to the on-farm conservation of maize landraces in the Brazil-
jan semi-arid region. Plants 11:603. https://doi.org/10.3390/plants1105
0603

Magalhées ALB, Brito MFG, Silva LGM (2022) The fluorescent introduc-
tion has begun in the southern hemisphere: presence and life-history
strategies of the transgenic zebrafish Danio rerio (Cypriniformes: Dan-
jonidae) in Brazil. Stud Neotrop Fauna Environ. https://doi.org/10.1080/
01650521.2021.2024054

Evans BR, Kotsakiozi P, Costa-da-Silva AL et al (2019) Transgenic Aedes
aegypti mosquitoes transfer genes into a natural population. Sci Rep
9:13047. https://doi.org/10.1038/541598-019-49660-6

Francisco M (2021) Armyworm meets Friendly moth. Nat Biotechnol
39:532. https://doi.org/10.1038/541587-021-00932-5

Zeller SL, Kalinina O, Brunner S et al (2010) Transgene x environment
interactions in genetically modified wheat. PLoS ONE 5:e11405. https://
doi.org/10.1371/journal.pone.0011405

European Environment Agency (EEA) (2001) Late lessons from early
warnings: the Precautionary Principle 1896-2000. European Environ-
ment Agency, Copenhagen

Horton R, Lo S (2015) Planetary health: a new science for exceptional
action. Lancet 386:1921-1922. https://doi.org/10.1016/50140-6736(15)
61038-8

Eckerstorfer MF, Grabowski M, Lener M et al (2021) Biosafety of genome
editing applications in plant breeding: considerations for a focused
case-specific risk assessment in the EU. Biotech 10:10. https://doi.org/
10.3390/biotech10030010

Then C, Kawall K, Valenzuela N (2020) Spatiotemporal controllability
and environmental risk assessment of genetically engineered gene
drive organisms from the perspective of European Union geneti-

cally modified organism regulation. Integr Environ Assess Manag
16:555-568. https://doi.org/10.1002/ieam.4278

US Government Accountability Office (GAO) (2021) Technology assess-
ment design handbook, Report no. GAO-21-347G. Science, Technology
Assessment, and Analytics team (STAA), Washington DC

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1111/pbi.12663
https://doi.org/10.1111/pbi.12663
https://doi.org/10.1016/j.gpb.2019.09.005
https://doi.org/10.1016/j.cgh.2019.06.013
https://doi.org/10.1016/j.jcs.2021.103267
https://doi.org/10.1016/j.cj.2021.04.009
https://doi.org/10.1016/j.cj.2021.04.009
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1111/pbi.12631
https://doi.org/10.1111/pbi.12631
https://doi.org/10.1038/s41598-021-01379-z
https://doi.org/10.1038/s41598-021-01379-z
https://doi.org/10.1038/s41477-019-0422-z
https://doi.org/10.1038/s41477-019-0422-z
https://doi.org/10.1016/j.cell.2020.05.021
https://doi.org/10.1186/s43897-022-00029-w
https://doi.org/10.1186/s43897-022-00029-w
https://doi.org/10.1016/j.cell.2017.08.030
https://doi.org/10.1016/j.molp.2015.01.021
https://doi.org/10.1038/ng.3974
https://doi.org/10.1016/j.molp.2020.11.002
https://doi.org/10.1016/j.molp.2020.11.002
https://doi.org/10.3389/fgeed.2022.1064103
https://doi.org/10.1038/s41598-021-81567-z
https://doi.org/10.1038/s41598-021-81567-z
https://doi.org/10.1111/j.1365-294X.2011.05258.x
https://doi.org/10.1093/jee/toab008
https://doi.org/10.1017/S0007485314000546
https://doi.org/10.1017/S0007485314000546
https://doi.org/10.1002/ps.6882
https://doi.org/10.3390/plants11050603
https://doi.org/10.3390/plants11050603
https://doi.org/10.1080/01650521.2021.2024054
https://doi.org/10.1080/01650521.2021.2024054
https://doi.org/10.1038/s41598-019-49660-6
https://doi.org/10.1038/s41587-021-00932-5
https://doi.org/10.1371/journal.pone.0011405
https://doi.org/10.1371/journal.pone.0011405
https://doi.org/10.1016/S0140-6736(15)61038-8
https://doi.org/10.1016/S0140-6736(15)61038-8
https://doi.org/10.3390/biotech10030010
https://doi.org/10.3390/biotech10030010
https://doi.org/10.1002/ieam.4278

	The need for assessment of risks arising from interactions between NGT organisms from an EU perspective
	Abstract 
	Background 
	Main findings 
	Conclusions 

	Background
	Specific technical characteristics of NGTs
	a) Greater precision
	b) Overcoming the limitations of natural genome organization
	c) Changes in the allelic diversity of populations within short periods of time
	d) Pervasive changes even without the insertion of additional genes
	e) Wide range of species and applications
	f) Complex interactions—also triggered by simultaneous presence in the environment

	Scenarios for interactions between NGT organisms that are relevant to risk assessment
	Scenario 1: interactions resulting from releases of NGT events involving different traits and several species
	Scenario 2: interactions emerging from releases of several NGT events from one species but with different traits

	Some experience from transgenic plants
	Discussion: the need for risk assessment of interactions between NGT organisms and the role of technology assessment
	Conclusions
	Acknowledgements
	References


